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ABSTRACT 


An  investigation  in  the  Langley  16-Foot  Transonic  Tunnel  has  been  conducted  in 
which  a  laser  velocimeter  was  used  to  measure  free-stream  velocities  from  Mach  0.1 
to  1.0  and  the  flow  velocities  along  the  stagnating  streamline  of  a  hemisphere- 
cylinder  model  at  Mach  0.8  and  1.0.  The  flow  velocity  was  also  measured  at  Mach  1.0 
along  the  line  0.533  model  diameters  below  the  model.  These  tests  determined  the 
performance  characteristics  of  the  dedicated  two-component  laser  velocimeter  at  flow 
velocities  up  to  Mach  1.0  and  the  effects  of  the  wind  tunnel  environment  on  the 
particle-generating  system  and  on  the  resulting  size  of  the  generated  particles. 

To  determine  these  characteristics,  the  measured  particle  velocities  along  the 
stagnating  streamline  at  the  two  Mach  numbers  were  compared  with  the  theoretically 
predicted  gas  and  particle  velocities  calculated  using  a  transonic  potential  flow 
method.  Through  this  comparison  the  mean  detectable  particle  size  (2.1  van)  along 
with  the  standard  deviation  of  the  detectable  particles  (0.76  v®0  was  determined; 
thus  the  performance  characteristics  of  the  laser  velocimeter  were  established. 


INTRODUCTION 

The  need  to  make  nonintrusive  velocity  measurements  of  transonic  flows  has 
prompted  the  construction  of  a  dedicated  two-component  laser  velocimeter  for  the 
Langley  16-Foot  Transonic  Tunnel.  The  purpose  of  this  paper  is  to  describe  the 
design  requirements,  the  resulting  system,  and  its  performance  characteristics.  The 
results  of  the  system  performance  tests  include  the  effects  of  the  wind  tunnel 
environment  on  the  particle-generating  system,  the  resulting  particle  size  distribu¬ 
tion,  and  the  effects  of  this  distribution  on  the  accuracy  of  the  velocity 
measurements . 

The  laser  velocimeter  is  a  two-component  optical  system  using  color  separation 
and  operated  in  the  coaxial  backscatter  configuration.  Bragg  cells  were  included 
in  both  components  of  the  system  to  yield  full  measurement  directionality  in  the 
plane  orthogonal  to  the  optical  axis.  (The  Bragg  cell  in  the  component  measuring 
streamwise  velocity,  the  U-component,  was  removed  in  the  present  study,  since 
reversed  flows  would  not  be  present.)  The  optical  system  is  mounted  on  a  bi¬ 
directional  mechanical  traversing  mechanism  to  move  the  sample  volume  along  the 
vertical  Y-axis  and  the  horizontal  tunnel  X-axis,  and  a  zoom  lens  is  used  to  move 
the  sample  volume  along  the  horizontal  optical  Z-axis.  The  entire  system  was 
located  within  the  plenum  chamber  surrounding  the  test  section.  The  particle¬ 
generating  system  is  an  atomizer  that  used  micrometer-sized  hydrous  aluminum 
silicate  (kaolin)  particles  suspended  in  ethanol.  The  particle-generating  system 
was  mounted  on  the  final  set  of  turning  vanes  upstream  of  the  test  section. 

The  performance  tests  of  the  laser  velocimeter  consisted  of  measuring  the 
velocity  of  the  kaolin  particles  along  the  stagnating  streamline  of  a  hemisphere- 
cylinder  model  at  Mach  0.8  and  1.0  and  comparing  these  results  with  gas  velocities 
theoretically  predicted  with  a  potential  flow  method.  Then  the  theoretical  particle 
velocity  profiles,  based  on  these  gas  velocity  profiles  were  calculated  as  a 
function  of  particle  size,  and  the  results  compared  with  the  measured  velocities  in 


a  least  squares  fashion  to  determine  the  average  size  of  the  particles  present  in 
the  flow  that  are  detected  by  the  laser  velocimeter.  The  results  of  this  analysis 
provided  an  indication  of  the  performance  characteristics  of  the  laser  velocimeter 
and  the  capabilities  of  the  particle-generating  system  using  kaolin  particles  within 
the  wind  tunnel  environment. 


SYMBOLS 

D  model  diameter,  cm 

2 

g  acceleration  due  to  gravity,  m/sec 

LV  laser  velocimeter 

M  Mach  number 

U  velocity  component  in  streamwise  direction,  m/sec 

U  mean  value  of  U,  m/sec 

V  velocity  component  in  vertical  direction,  m/sec 

V  mean  value  of  V,  m/sec 

x,y  streamwise  and  vertical  coordinates  with  origin  at  nose  of  model,  cm 

a  mean  flow  angle  in  UV-plane,  deg 

0  standard  deviation  of  a,  deg 

0^  standard  deviation  of  U,  m/sec 

0^  standard  deviation  of  V,  m/sec 

0^/U  local  turbulence  intensity  in  U-component,  percent 

Oy/U  local  turbulence  intensity  in  V-component,  percent 

Subscripts: 

corr  corrected 

gas  theoretical  gas  velocity 

meas  measured  with  laser  velocimeter 

part  theoretical  particle  velocity 


..j 
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APPARATUS 


Wind  Tunnel 

The  Langley  16-Foot  Transonic  Tunnel  is  a  closed-circuit,  continuous-flow, 
fan-driven,  atmospheric  wind  tunnel,  described  in  reference  1  and  shown  schematically 
in  figure  1.  The  test  medium  is  air  and  the  tunnel  is  equipped  with  an  air  exchange 
for  cooling.  The  wind  tunnel  has  a  Mach  number  range  up  to  1.3  and  an  average 
Reynolds  number  of  13  x  10®  per  meter  at  Mach  numbers  above  0.6.  The  octagonal  test 
section  has  movable  walls  to  minimize  the  axial  Mach  number  gradient  and  is  slotted 
for  removal  of  the  boundary  layer  by  evacuation  of  the  surrounding  9. 75-m-diameter 
plenum  at  Mach  numbers  above  1.03.  The  approximate  ambient  conditions  within  the 
plenum  chamber  at  Mach  1.0  are  a  pressure  of  0.5  atm,  a  temperature  of  50°C,  and 
acoustic  noise  of  150  dBm.  The  structural  members  within  the  plenum  chamber  are 
subjected  to  vibration  levels  of  up  to  5g.  An  optical  quality  window  installed  in 
the  test  section  wall  provides  optical  access  to  the  test  section  from  the  plenum. 
This  window  is  made  of  BK-7  glass  and  has  a  clear  viewing  area  of  1.27  m  by  0.91  m 
and  a  thickness  of  6.35  cm.  The  optical  quality  of  the  window  surface  is  maintained 
by  installing  it  only  for  laser  velocimeter  measurements. 


Test  Model 

The  purpose  of  the  performance  test  program  was  to  demonstrate  that  the  laser 
velocimeter  will  accurately  measure  velocity  in  flow  fields  up  to  Mach  1.0.  The 
accuracy  of  these  measurements  depends  on  the  size  of  the  particles  used  to  generate 
them.  The  most  straightforward  method  to  determine  the  size  of  these  particles  is 
to  probe  a  known  strongly  decelerating  (or  accelerating)  flow  field  where  the 
particle  size  may  be  inferred  by  comparing  the  velocity  measurements  with 
theoretically  predicted  velocities  for  various  particle  sizes.  One  such  flow  field 
is  found  along  the  stagnating  streamline  of  a  hemisphere.  Therefore  a  hemisphere 
19.05  cm  in  diameter  followed  by  a  10. 16-cm-long  cylinder  was  chosen  as  the  test 
model.  The  model  was  sting  mounted  on  the  tunnel  centerline  at  an  angle  of  attack 
of  0°.  The  model  installed  within  the  test  section  is  shown  in  figure  2. 


Laser  Velocimeter  System 

The  performance  requirements  of  the  dedicated  laser  velocimeter  system  for  the 
Langley  16-Foot  Transonic  Tunnel  are  as  follows: 

1.  Capability  to  measure  free-stream  velocities  from  70  m/sec  to  420  m/sec 
with  an  accuracy  of  1  percent  in  the  mean  velocity. 

2.  Bidirectional  velocity  measurement  capability  along  the  tunnel  axis 
(U-component)  and  in  the  vertical  direction  (V-component) . 

3.  Maximum  size  of  ellipsoidal  sample  volume  of  1  mm  in  diameter  and  1  cm 
in  length. 

4.  Movement  of  the  sample  volume  within  a  cube  1.0  m  by  0.6  m  by  2.0  m 
(axial,  vertical,  and  cross  tunnel  directions,  respectively)  centered 
on  the  tunnel  centerline. 
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The  laser  velocimeter  system  designed  to  meet  these  performance  requirements, 
and  the  subject  of  the  present  study,  is  a  two-component  optical  system  using  color 
separation  of  the  components  and  configured  in  the  coaxial  backscatter  mode.  The 
specific  system  characteristics  are  given  in  table  I  and  the  optical  system  is  shown 
schematically  in  figure  3.  Each  component  contains  a  Bragg  cell  to  obtain  velocity 
directionality,  with  the  Bragg  cell  in  the  U-component  removable  to  extend  the 
range  of  maximum  velocity  (removed  for  the  present  study) .  The  system  uses  high¬ 
speed  burst  counter  signal  processing,  and  a  data  acquisition  buffer  system 
(ref.  2)  serves  as  the  interface  between  the  counters  and  the  host  minicomputer 
system.  This  system  is  theoretically  capable  of  measuring  U-component  velocities 
from  nominally  0  m/sec  to  933  m/sec,  and  with  insertion  of  the  Bragg  cell,  from 
-187  m/sec  to  373  m/sec,  and  V-component  velocities  from  -187  m/sec  to  187  m/sec. 

The  resulting  ellipsoidal  sample  volume  (measured  to  the  1/e2  power  points)  is 
0.31  mm  in  diameter  by  6.1  mm  in  length  at  the  tunnel  centerline.  The  focal  length 
of  the  system  is  controlled  by  a  zoom  lens  that  moves  the  sample  volume  in  the  cross¬ 
tunnel  direction  +1.0  m  about  the  tunnel  centerline.  At  the  near  focal  point  the 
sample  volume  dimensions  are  0.35  mm  and  4.9  mm,  and  at  the  far  focal  point  they 
are  0.97  mm  and  11.6  mm.  The  sample  volume  is  moved  in  the  remaining  two  directions 
by  a  bidirectional  mechanical  traversing  mechanism  with  a  window-limited  scan  of 
1.02  m  horizontally  along  the  tunnel  centerline  and  0.66  m  vertically  with  a 
resolution  of  0.5  mm.  The  laser  velocimeter  system  was  aligned  with  the  vertical 
laser  beams  (V-component)  lying  along  the  axis  of  gravity  determined  by  a  plumb  bob 
and  the  horizontal  beams  (U-component)  orthogonal  to  the  vertical  axis  determined 
by  a  large  right  triangle  with  an  estimated  precision  of  0.1°.  The  traversing 
mechanism  and  zoom  lens  were  adjusted  to  a  reference  point  at  the  center  surface 
pressure  part  on  the  nose  of  the  model. 


Theoretical  Simulation  of  the  Proposed  Laser  Velocimeter 
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This  optical  system  was  modeled  with  the  computer  simulation  given  in 
reference  3  to  determine  its  sensitivity  as  a  function  of  particle  size  at  the 
tunnel  centerline  focal  distance.  The  particle  velocity  was  chosen  to  be  420  m/sec 
and  the  particle  material  chosen  to  be  hydrous  aluminum  silicate  (kaolin) .  The 
laser  velocimeter  sensitivity  factor  (probability  of  making  a  measurement)  was 
formulated  by  first  determining  whether  a  particle  of  given  size  passing  through  the 
center  of  the  sample  volume  would  yield  a  velocity  measurement.  If  so,  then  it 
was  determined  how  far  away  from  the  center  the  particle  could  pass  and  still  yield 
a  measurement.  This  was  done  in  the  following  manner. 


The  calculation  of  the  measurement  probability  begins  with  determination  of  the 
electromagnetic  field  resulting  from  the  scatter  of  light  from  a  particle  of  a  given 
size  (described  by  Mie  in  ref.  4)  as  it  passes  through  each  of  the  pair  of  laser 
beams  comprising  the  sample  volume.  The  interaction  between  the  two  scattered  fields 
is  calculated  over  the  collecting  solid  angle  of  the  laser  velocimeter  using  the 
method  described  in  reference  5  to  yield  the  optical  transfer  function,  which  is  used 
along  with  the  Gaussian  intensity  profile  of  the  laser  beams  to  obtain  the  theoreti¬ 
cal  signal  burst.  This  burst  is  integrated  and  used  to  drive  a  Poisson  random 
number  generator  to  yield  a  Monte  Carlo  simulation  of  photon  arrivals  at  the  photo¬ 
cathode  surface  of  the  photomultiplier.  The  photons  are  convolved  with  the  photo¬ 
multiplier  transfer  function  to  obtain  the  electronic  signal  burst.  The  burst  is 
then  input  to  a  model  of  a  high-speed  burst  counter  with  double  threshold  detection 
circuits  and  5:8  count  comparison  to  determine  whether  the  signal  has  sufficient 
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amplitude  to  yield  a  velocity  measurement.  If  the  signal,  following  band-pass 
filtering,  does  not  have  sufficient  amplitude  for  10  consecutive  cycles  to  cross  the 
thresholds  with  sufficient  signal-to-noise  ratio  to  satisfy  the  5:8  comparison  test, 
a  measurement  cannot  be  made  and  the  sensitivity  factor  is  zero  for  that  particle 
size.  If  the  signal  is  accepted  by  the  counter,  the  amplitude  of  the  signal  is 
reduced  exponentially  until  the  signal  fails  to  be  accepted  by  the  counter.  The 
amount  of  reduction  in  amplitude  corresponds  to  a  distance  from  the  center  of  the 
sample  volume  in  accordance  with  the  Gaussian  intensity  profile  of  the  laser  beams. 

A  sensitivity  factor  of  unity  is  arbitrarily  assigned  when  the  distance  from  the 
center  of  the  sample  volume  corresponds  to  the  sample  volume  radius,  defined  by  the 
intensity  being  1/e2  of  the  intensity  at  the  center. 

The  choice  of  particle  sizes  to  be  used  in  the  simulation  is  established  by 
measuring  the  size  distribution  of  the  kaolin  particles  to  be  used  in  the  wind 
tunnel.  The  particles  were  measured  in  the  laboratory  by  suspending  the  kaolin  in 
ethanol  and  spraying  the  mixture  through  a  fluid  atomizer  (ref.  6) ,  in  order  to 
evaporate  the  ethanol  and  leave  the  solid  kaolin  behind.  These  particles  were  then 
sampled  by  an  aerodynamic  particle  size  analyzer  (ref.  7).  The  aerodynamic  size 
however  is  not  the  physical  size  of  the  particle,  but  is  larger  by  a  factor  equal  to 
the  square  root  of  particle's  specific  gravity  (ref.  8).  Therefore  with  a  specific 
gravity  of  2.58,  the  kaolin  particle  size  results  presented  in  figure  4(a)  have 
been  reduced  by  62.3  percent  to  obtain  the  particle  sizes  to  be  tested  by  the  laser 
velocimeter  simulation  program.  The  resulting  sensitivity  factors  corresponding 
to  the  appropriate  particle  sizes  are  presented  in  figure  4 (b) .  Multiplying  the 
particle  size  distribution  (fig.  4(a))  by  the  corresponding  sensitivity  factor 
profile  (fig.  4(b))  yields  the  detectable  particle  size  distribution  (fig.  4(c)). 

The  mean  size  of  the  kaolin  particles  was  found  to  be  0.50  yim  with  a  standard  devia¬ 
tion  of  0.17  }im.  From  the  simulation,  it  was  found  that  the  mean  detectable  size  of 
the  particles  that  will  yield  velocity  measurements  is  0.78  ym  with  a  standard  devia¬ 
tion  of  0.28  ym.  The  particle  size  distribution  and  detectable  particle  size  distri¬ 
bution  along  with  the  sensitivity  factors  are  listed  in  table  II. 

Particle  Generation  System 

The  kaolin  particles  were  suspended  in  ethanol  and  injected  into  the  tunnel 
using  a  specialized  atomizer  system  described  in  reference  6.  Two  linear  arrays 
of  10  atomizers  each  were  installed  on  the  final  set  of  turning  vanes  just  upstream 
from  the  test  section.  Each  pair  of  adjacent  atomizers  was  controlled  by  a 
solenoid  valve,  which  was  remotely  operated  from  the  control  room  to  allow  the 
desired  placement  of  the  particle  plume  within  the  test  section.  The  atomizers  were 
spaced  on  the  turning  vanes  in  the  manner  shown  in  figure  5  as  viewed  from  the  test 
section.  The  settling  chamber  at  the  location  of  the  turning  vanes  is  17.68  m  in 
diameter  and  contracts  to  4.85  m  at  the  test  section,  yielding  a  contraction  ratio 
of  13.3:1.  Since  the  tunnel  flow  contains  a  low-frequency  swirl,  the  plume 
trajectory  cannot  be  directly  estimated  from  atomizer  location  and  contraction  ratio. 
Therefore  the  choice  of  active  atomizers  was  made  on  the  basis  of  visual  sightings 
of  the  particles  passing  through  the  laser  beams  and  data  rate  measurements  from  the 
high-speed  burst  counters. 

The  kaolin  particles  are  irregular  in  shape  with  a  specific  gravity  of  2.58 
and  an  index  of  refraction  of  1.56.  The  aerodynamic  particle  size  analyzer  equates 
the  size  distribution  of  the  kaolin  to  the  diameter  of  equivalent  spherical  parti¬ 
cles.  The  particle  size  distribution  presented  in  figure  4(a)  shows  a  long  trailing 


distribution  function  toward  the  larger  particle  sizes.  This  trailing  distribution 
may  be  the  result  of  large  particles,  agglomeration  of  the  smaller  particles,  or 
possibly  alignment  of  the  irregularly  shaped  particles  with  the  flow  in  different 
orientations.  Since  the  particle  size  analyzer  determines  the  particle  size  by 
measuring  the  aerodynamic  particle  response  to  a  known  accelerating  flow  field,  the 
same  behavior  should  be  expected  within  the  tunnel  flow. 


TEST  RESULTS 

The  test  consisted  of  three  parts:  (1)  measurement  of  free-stream  velocity 
up  to  Mach  1.0,  (2)  experimental  determination  of  the  sensitivity  of  the  laser 
velocimeter,  and  (3)  determination  of  the  mean  size  of  the  particles  detected  based 
on  the  lag  of  the  particles  along  the  stagnating  streamline  of  the  hemisphere  model. 


Mach  Number  Test 

The  traversing  mechanism  was  adjusted  to  move  the  laser  velocimeter  sample 
volume  two  model  diameters,  38.1  cm,  upstream  from  the  model.  Two-component  velocity 
measurements  were  made  from  Mach  0.1  to  Mach  1.0  (results  are  given  in  table  III). 

The  U-component  measurements,  illustrated  in  figure  6,  were  found  to  be  approximately 
1.5  percent  below  the  free-stream  velocity  calculated  from  tunnel  total  temperature, 
stagnation  pressure  and  Mach  number.  However,  the  influence  of  the  model  on  the 
flow  field  can  be  predicted  via  the  potential  flow  computer  model  (ref.  9) ,  and 
the  calculated  free-stream  velocity  adjusted.  As  illustrated  in  figure  6(b),  the 
velocity  measurements  are  within  the  error  bands  of  the  tunnel  calibration  up  to  a 
Mach  number  of  0.5.  The  remaining  measurements  were  found  to  be  only  0.09  percent 
above  the  adjusted  free-stream  values  with  a  standard  deviation  of  1.01  percent. 

The  turbulence  intensity  measured  by  the  laser  velocimeter  in  the  U-component, 
shown  in  figure  7,  is  nominally  1  percent  over  the  Mach  number  range. 

The  data  from  the  V-component  (figs.  8  to  11)  indicate  a  downwash  of  about  1.25° 
with  peaks  occurring  at  Mach  0.1  and  Mach  1.0  of  nominally  2.2°.  Flow  angle  is 
calculated  from  the  mean  values  of  the  velocity  components  (i.e.,  a  =  arctan  V/U) , 
since  the  two  components  were  not  coincident  (requirement  for  simultaneous  measure¬ 
ments  of  both  velocity  components  for  each  particle  passage  through  the  sample 
volume) .  This  procedure  does  not  provide  accurate  statistics  of  the  flow  angle,  but 
does  provide  an  estimate.  It  is  significant  that  the  "turbulence  intensity"  in  the 
V-component  (fig.  9)  is  large  at  Mach  0.1,  9.7  percent,  and  decreases  with  increasing 
Mach  number  until  the  rise  of  Mach  1.0.  Since  a  swirl  is  known  to  be  present  in  the 
flow,  this  apparent  "turbulence  intensity"  may  indeed  be  low-frequency  variations  in 
flow  angle  (fig.  11)  and  not  turbulence.  Because  the  two  component  measurements 
were  not  coincident  and  thus  the  cross  correlation  between  the  measured  velocity 
components  could  not  be  calculated,  independence  of  their  variances  must  be  assumed. 
On  the  basis  of  these  two  assumptions  (that  the  turbulence  intensity  in  the 
V-component  is  due  to  swirl  and  that  the  velocity  component  variances  are  indepen¬ 
dent)  ,  the  standard  deviation  of  the  flow  angle  is  large  at  Mach  0.1  (5.5°)  and 
decreases  rapidly  to  a  level  of  nominally  0.9°  until  it  rises  again  to  1.3°  at 
Mach  1.0. 


Laser  Velocimeter  Sensitivity  and  Particle  Size  Analysis 

In  the  previous  section  errors  due  to  particle  dynamics  were  not  expected  since 
the  velocity  gradient  along  the  streamline  from  the  point  of  particle  injection  to 
the  test  section  is  gradual  and  theoretical  particle  dynamics  (ref.  10)  indicates 
that  particles  up  to  20  ym  in  diameter  would  follow  the  flow.  The  flow  along  the 
stagnating  streamline  of  a  hemisphere  however  contains  severe  but  known  gradients. 
Particle  velocities  are  predicted  to  deviate  as  much  as  2.73  m/sec  from  the  expected 
gas  velocity,  at  x/D  =  -0.133  (the  point  of  maximum  deceleration)  at  Mach  0.8  for 
particles  as  small  as  1  ym  in  diameter.  Particle  velocities  were  measured  from 
one  model  diameter  upstream,  where  the  mean  velocity  is  nominally  11.5  percent 
below  free-stream  conditions  due  to  the  presence  of  the  model,  to  within  an  estimated 
distance  of  1.9  mm  from  the  model  surface  for  tunnel  settings  of  Mach  0.8  and 
Mach  1.0.  In  addition,  the  velocity  flow  field  was  measured  at  Mach  1.0  at 
y/D  =  -0.533  since  the  moderately  decelerating  flow  along  this  line  changes  to  an 
accelerating  flow  as  the  model  is  approached  until  the  shock  line  is  reached. 

The  detailed  analysis  of  the  data  begins  by  considering  the  known  test  informa¬ 
tion.  From  the  particle  size  analysis  given  previously  for  the  kaolin  particles  and 
the  predicted  sensitivity  of  the  laser  velocimeter,  the  average  detectable  particle 
diameter  was  estimated  to  be  0.78  ym.  The  predicted  velocity  profiles  for  the  three 
test  cases  were  determined  according  to  the  procedure  outlined  in  reference  9  using 
the  tunnel  calibration  to  establish  the  free-stream  conditions.  The  potential  flow 
method  outlined  in  reference  9  does  not  include  viscous  effects,  for  example,  shock 
wave  and  boundary  layer  effects,  which  are  potentially  significant  at  the  transonic 
Mach  numbers  of  0.8  and  1.0.  It  is  estimated  from  prior  experience  that  this  compu¬ 
tational  method  yields  predictions  with  accuracies  on  the  order  of  ±2  percent.  The 
resulting  predictions  of  the  gas  flow  characteristics  were  used  with  the  particle 
dynamic  prediction  procedures  from  reference  10  to  determine  the  velocities  of  the 
average  detectable  particle,  which  provide  the  theoretical  reference  for  comparison 
with  the  velocity  measurements  from  the  laser  velocimeter.  The  second  area  of 
information  is  that  errors  in  the  measurement  of  cross  beam  angle  yield  an  unknown 
bias  to  the  laser  velocimeter  measurements.  The  cross  beam  angle  was  measured 
geometrically  at  a  distance  of  2.5  m  from  the  sample  volume  with  an  estimated  uncer¬ 
tainty  of  ±1  mm  in  determining  the  center  of  the  13. 1-mm-diameter  laser  beams.  This 
uncertainty  yields  an  unknown  bias  error  in  the  measurement  of  the  mean  velocity 
within  the  range  of  ±1.45  percent.  The  final  known  information  is  that  the  model 
moved  downstream  during  the  test  because  of  sting  bending,  compression  of  the  sting 
drive  gears,  etc.  This  was  determined  by  visually  establishing  a  reference  point 
with  the  sample  volume  at  the  center  surface  pressure  port  on  the  model  during  setup 
and  finding  that  the  flare  that  occurs  when  the  sample  volume  grazes  the  model  was 
not  detected  during  the  test  until  the  laser  velocimeter  was  moved  0.63  mm  downstream 
of  the  reference  point.  This  distance  is  not  an  exact  measure  of  the  deflection 
since  flare  is  detected  when  the  edge  of  the  sample  volume  (not  necessarily  the  1/e^ 
intensity  location)  grazes  the  model;  however  it  does  indicate  a  movement  of  the 
model.  The  reference  point  was  checked  (again  visually)  following  the  test  and  found 
to  repeat. 

If  the  theoretically  determined  average  detectable  particle  size  and  the 
theoretically  predicted  gas  and  particle  velocity  profiles  are  assumed  to  be 
accurate,  the  bias  error  in  the  velocity  measurements  due  to  the  inaccuracy  in  the 
measurement  of  the  cross  beam  angle  may  be  removed  and  the  actual  deflection  of  the 
model  may  be  determined.  Beginning  with  the  assumption  that  the  model  did  not  move, 
the  least  squares  errors  are  determined  between  the  predicted  velocity  profile  for 


the  average  detectable  particle  size  and  the  measured  velocities.  Since  an 
inaccuracy  in  the  measurement  of  the  cross  beam  angle  following  a  system  alignment 
results  in  an  incorrect  conversion  factor  (fringe  spacing)  from  frequency  to  velocity 
the  velocity  data  can  be  adjusted  by  multiplying  by  a  correction  factor.  Through 
iterative  procedures  of  adjusting  the  velocity  data  to  minimize  the  least  squares 
errors  between  the  data  and  the  theoretical  velocity  profile,  the  resulting  factor 
can  be  used  to  determine  the  true  cross  beam  angle  (within  the  validity  of  the 
assumptions) .  The  theoretical  particle  velocity  profile  is  then  determined  for  a 
position  downstream  to  account  for  the  deflection  of  the  model,  and  the  iterative 
process  is  repeated.  Since  the  model  is  known  to  deflect,  a  small  movement  of  the 
velocity  profile  results  in  a  correction  factor  closer  to  1.0  and  a  reduction  in  the 
least  squares  errors.  Displacement  of  the  velocity  profile  continues  until  the 
minimum  least  squares  error  is  obtained.  Once  the  minimum  least  squares  error  is 
determined,  the  particle  size  is  increased  and  the  entire  process  is  repeated  until 
the  absolute  minimum  error  is  determined.  For  all  three  test  cases,  the  minimum 
error  occurred  when  the  particle  size  was  2.1  ym  and  the  deflection  of  the  model  was 
1.3  mm  downstream.  For  the  Mach  0.8  stagnating  streamline  case,  the  cross  beam  angle 
was  determined  to  be  3.187°,  which  represents  a  bias  error  of  -0.86  percent  (an  error 
of  0.6  mm  in  the  measurement  of  the  laser  beam  separation  at  the  focal  distance  of 
2.5  m) .  For  the  Mach  1.0  stagnating  streamline  case,  the  cross  beam  angle  was  3.085 
(bias  error  of  2.43  percent),  and  for  the  Mach  1.0  y/D  =  -0.533  case,  it  was  3.158° 
(bias  error  of  0.06  percent). 

The  results  for  the  three  test  cases  are  given  in  table  IV  and  are  illustrated 
in  figures  12  to  14.  The  mean  streamwise  velocity  (U)  for  each  measurement  ensemble 
is  given  along  with  the  mean  corrected  for  cross  beam  angle  measurement  error.  The 
differences  between  the  corrected  measurements  and  the  predicted  particle  velocities 
for  a  2.1-ym  particle,  with  the  1.3-mm  downstream  displacement  of  the  model  accounted 
for,  are  given  in  m/sec  and  percentage  of  local  predicted  particle  velocity.  The 
average  difference  was  found  to  be  less  than  0.05  percent  for  the  three  cases  indicat¬ 
ing  the  goodness-of-fit  of  the  above  procedure  with  the  data. 

It  was  found  that  the  particle  trajectory  that  best  fits  the  measurements  is 
based  on  a  kaolin  particle  with  a  diameter  of  2.1  ym,  whereas  the  average  detectable 
particle  diameter  predicted  from  the  aerodynamic  particle  size  analyzer  and  the 
laser  velocimeter  simulation  code  is  0.78  ym.  In  an  attempt  to  understand  the 
discrepancy,  the  sensitivity  threshold  in  the  laser  velocimeter  simulation  was 
raised,  since  the  laser  velocimeter  characteristics  were  determined  following 
optimization  of  the  system  in  the  laboratory  after  the  wind  tunnel  tests  were  com¬ 
pleted  and  are  known  not  to  directly  represent  the  degraded  conditions  of  the  system 
while  in  the  wind  tunnel  (gradual  misalignment  due  to  tunnel  vibrations  causing  a 
loss  in  optical  system  efficiency) .  This  attempt  was  able  to  raise  the  average 
detectable  particle  diameter  to  only  1.4  ym.  The  effect  of  the  irregularly  shaped 
particles  in  an  optical  sense  was  then  determined  by  measuring  the  particle  size 
distribution  with  an  optical  particle  size  analyzer  (table  V  and  fig.  15).  This 
resulted  in  a  different  size  distribution  from  that  obtained  with  the  aerodynamic 
analyzer  (table  I  and  fig.  4) ,  which  results  in  a  different  detectable  particle  size 
distribution  when  multiplied  by  the  laser  velocimeter  sensitivity  function.  The 
calculation  of  the  mean  detectable  particle  size  based  on  the  new  distribution 
function  yields  a  particle  diameter  of  2.33  ym.  This  indicates  that  a  particle  of  a 
single  aerodynamic  size  scatters  light  at  different  levels  depending  on  the 
orientation  of  the  irregularly  shaped  particle  as  it  passes  through  the  optical 
size  analyzer  and  likewise  through  the  laser  velocimeter  sample  volume.  Therefore 
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the  predicted  laser  velocimeter  sensitivity  function,  which  is  calculated  based  on 
the  assumption  of  spherical  particles,  can  be  used  to  provide  only  a  rough  approxima¬ 
tion  in  this  test  situation. 

As  an  aid  in  understanding  the  aerodynamic  process  involved  in  the  present 
situation,  consider  the  effect  on  the  laser  velocimeter  measurements  of  the 
polydisperse  particle  distribution  within  the  decelerating  flow  field  as  a  combina¬ 
tion  of  effects  from  each  particle  size.  If  the  probability  density  function  of  the 
gas  velocity  at  a  location  in  the  decelerating  region  is  represented  by  figure  16(a), 
a  uniform  polydisperse  particle  size  distribution  (e.g.,  seven  particle  sizes)  within 
the  flow  would  result  in  the  probability  density  function  given  in  figure  16(b).  By 
considering  the  polydisperse  particle  size  distribution  as  being  made  up  of  individual 
particles,  one  finds  that  a  zero-diameter  particle  would  result  in  the  translation  of 
the  velocity  distribution  (fig.  16(a))  to  the  left  or  lowest  velocity  side  of  the 
distribution  in  figure  16(b).  As  the  particle  size  increases,  the  velocity  distribu¬ 
tion  is  shifted  to  the  right  (higher  velocity)  because  of  the  lag  in  the  response  of 
the  particle  to  the  decelerating  flow  field.  Therefore  the  resulting  probability 
density  function  of  particle  velocity  would  be  determined  by  a  convolution  of  the 
probability  density  function  of  the  gas  velocity  with  the  particle  velocity  lag 
characteristics  as  a  function  of  particle  size  at  that  point  in  the  flow  field. 

Figure  16(b)  shows  that  for  a  uniform  distribution  of  particle  sizes  the  center  of  the 
velocity  probability  density  function  is  approximately  flat;  thus,  variations  in  the 
center  of  the  density  function  yield  an  estimate  of  the  particle  size  distribution  in 
the  flow.  Therefore  the  measured  velocity  histograms  in  the  decelerating  region  along 
the  stagnating  streamline  may  be  used  to  estimate  the  particle  size  distribution 
detected  by  the  laser  velocimeter  within  the  flow.  From  this  distribution  coupled 
with  the  particle  size  distribution  measured  by  the  aerodynamic  particle  size  ana¬ 
lyzer,  the  sensitivity  function  can  be  estimated.  The  measured  velocity  histograms 
were  compared  with  the  velocity  trajectories  for  the  particle  sizes  measured  by  the 
aerodynamic  analyzer  using  the  histogram  divisions  from  the  optical  particle  size 
analyzer  (table  VI  and  fig.  17).  It  was  found  that  at  x/D  of  -0.5  and  -0.4,  there 
was  sufficient  spread  in  velocity  due  to  particle  size  while  the  measured  local 
"turbulence  intensity"  remained  low  (approximately  2  percent) .  Assuming  that  veloc¬ 
ities  within  the  histogram  below  the  predicted  gas  velocity  were  due  to  turbulence 
and  removing  them  along  with  the  corresponding  high  velocities,  the  remaining  velocity 
distribution  should  be  due  to  particle  lag  differences.  Each  velocity  in  the  trun¬ 
cated  histogram  was  equated  to  the  particle  size  required  to  yield  that  velocity  as 
predicted  by  the  theoretical  particle  velocity  profiles  (fig.  18(c)).  The  particle 
size  histogram  measured  by  the  aerodynamic  analyzer  (fig.  18(a))  was  then  divided 
into  the  truncated  histogram  to  yield  the  sensitivity  function.  It  may  be  seen  from 
figure  18(b)  and  table  VII  that  the  resulting  sensitivity  function  resembles  the 
theoretical  sensitivity  function  in  figure  17(b)  with  the  differences  found  at  the 
extremes  most  likely  from  statistical  uncertainties  due  to  the  low  particle  count  at 
the  corresponding  velocities  distorting  the  sensitivity  function.  The  average  detec¬ 
table  particle  size  determined  from  the  truncated  histogram  was  2.17  pm  in  diameter 
with  a  standard  deviation  of  0.76  pm. 

Since  the  various  sized  particles  have  different  velocity  profiles,  the 
velocity  histogram  at  each  location  has  a  nonzero  standard  deviation  resulting  in 
measurements  of  turbulence  intensity  that  are  larger  than  the  flow  turbulence 
intensity.  The  standard  deviation  and  apparent  turbulence  intensity  values  due  to 
particle  lag  for  the  stagnating  streamline  case  at  Mach  1.0  are  presented  in 
table  VIII  along  with  the  measured  results  for  the  three  test  cases.  The  predicted 
standard  deviation  is  approximately  the  same  (within  the  statistical  accuracy  of 
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the  velocity  contribution  for  each  of  the  various  particle  sizes)  as  the  measured 
standard  deviation.  From  this  comparison,  the  only  estimation  that  can  be  made 
is  that  the  turbulence  intensity  is  low. 

The  remaining  measurement  uncertainty  is  the  statistical  uncertainty  in 
determining  the  mean  velocity  from  the  measurement  ensemble,  assuming  independence 
of  the  individual  velocity  measurements.  This  assumption  is  based  on  the  low  data 
rates  obtained  during  the  tunnel  tests.  These  uncertainties  are  presented  in 
table  IX. 


CONCLUDING  REMARKS 

The  dedicated  laser  velocimeter  for  the  Langley  16-Foot  Transonic  Tunnel  has 
been  installed  in  the  tunnel  plenum  chamber  and  has  operated  successfully  at  Mach 
numbers  from  0.1  to  1.0.  Performance  tests  have  shown  that  the  system  can  measure 
particle  velocities  from  nominal  2 . 1-pm-diameter  kaolin  particles  with  accuracies  of 
better  than  1  percent  of  the  local  velocity.  The  system  also  satisfies  the  design 
specifications  of  sample  volume  size,  velocity  range,  and  traversing  capabilities. 
Measurement  accuracy  in  flow  fields  with  severe  velocity  gradients  is  not  within 
desired  specifications  because  the  width  of  the  particle  size  distribution  affects 
the  determination  of  the  mean  velocity,  since  any  degradation  of  the  optical  system 
results  in  rejection  of  the  smaller  particles  and  a  corresponding  increase  in  the 
average  detectable  particle  size.  By  using  particles  of  constant  size,  any 
degradation  of  the  optical  system  would  result  in  a  decrease  in  measurement  rate, 
but  not  a  decrease  in  measurement  accuracy. 


NASA  Langley  Research  Center 
Hampton,  VA  23665-5225 
August  1,  1985 
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TABLE  I.-  SYSTEM  CHARACTERISTICS  OF  THE  DEDICATED  LASER  V EL OCI METER 
FOR  THE  16-FOOT  TRANSONIC  TUNNEL  (U-COMPONENT) 


The  characteristics  of  the  V-component  are  the  same  as  the  U-componentl 
except  the  laser  wavelength  is  488.0  nm  J 


Laser  wavelength,  nm . 514.5 

Input  lens  focal  length,  m... . 2.74 

Input  laser  power,  w .  1.8 

Diameter  of  laser  beam  at  input  lens,  mm .  7.5 

Cross  beam  angle,  deg  . . 3.16 

Beam  A: 

Position  (x,y),  m  .  .  .  -0.076,  0 

Polarization,  deg . 93.0 

Transmission  coefficient  .........  .  0.2 

Beam  B: 

Position  (x,y),  m  .  .  0.076,  0 

Polarization,  deg . 103.0 

Transmission  coefficient  .  .  ...  0.31 

Receiver: 

Lens  focal  length,  . . 2.74 

Horizontal  rotation  angle,  deg  .  180.0 

Vertical  rotation  angle,  deg  .  0.0 

Effective  lens  diameter,  m . 0.165 

Transmission  coefficient  ..  .  0.474 

Electronics : 

Photomultiplier  quantum  efficiency  .  .  0.21 

Photomultiplier  gain  . . 8.75x10® 

Low-pass  filter  cutoff,  MHz  .  64.0 

High-pass  filter  cutoff,  MHz  .  .  32.0 

Counter  threshold  voltage,  V....  .  0.05 

Counter  count  comparison  accuracy  .  0.02 

Sample  volume  characteristics: 

Diameter,  mm...........  .  0.31 

Length,  mm . 6.1 

Fringe  spacing,  pm . 9.33 
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TABLE  II.-  KAOLIN  PARTICLE  SIZE  DISTRIBUTION  DETERMINED  BY  THE 
AERODYNAMIC  PARTICLE  SIZE  ANALYZER,  THEORETICAL  LV 
MEASUREMENT  SENSITIVITY,  AND  DETECTABLE  PARTICLE 
SIZE  DISTRIBUTION 


Particle 

a 

diameter, 

pm 

Fraction  of 
total 

particles , 
percent 

LV 

sensitivity 

factor 

Fraction  of 
detectable 
particles , 
percent 

0.30 

4.72 

0 

0 

.31 

1 .91 

0 

0 

.34 

3.12 

0 

0 

.36 

8.28 

0 

0 

.39 

13.90 

0 

0 

.42 

12.43 

0 

0 

.45 

10.75 

0 

0 

.48 

9.43 

0.07 

4.28 

.52 

7.74 

.41 

19.93 

.56 

6.06 

.06 

2.33 

.60 

5.22 

0 

0 

.64 

4.09 

.48 

12.49 

.69 

3.14 

.58 

11.50 

.74 

2.61 

.34 

5.55 

.80 

1  .84 

.89 

10.37 

.86 

1  .39 

.79 

6.93 

.92 

1.05 

1.11 

7.40 

.99 

.73 

1  .04 

4.77 

1  .06 

.51 

1.29 

4.14 

1.15 

.35 

1  .43 

3.20 

1  .23 

.26 

1.17 

1  .91 

1.32 

.17 

1  .76 

1  .85 

1  .42 

.10 

1  .76 

1.13 

1.53 

.06 

1  .82 

.73 

1  .64 

.04 

1  .84 

.50 

1  .76 

.03 

1 .83 

.33 

1  .90 

.02 

1  .66 

.20 

2.04 

.01 

1  .79 

.15 

2.19 

.01 

1  .24 

.07 

2.35 

.01 

1.18 

.06 

2.53 

.01 

1  .44 

.05 

2.72 

0 

1  .02 

.03 

2.92 

0 

1  .76 

.04 

3.14 

0 

1  .78 

.02 

3.37 

0 

1 .76 

.02 

3.62 

0 

.81 

.01 

3.90 

0 

1  .69 

.01 

4.19 

0 

1.13 

.01 

4.50 

0 

1 .72 

.01 

4.84 

0 

1.34 

0 

Equivalent  physical  size  assuming  spherical  particles 


TABLE  III.-  VELOCITY  AND  FLOW  ANGLE  MEASUREMENTS  AT  X/D  =  -2.0 
AS  A  FUNCTION  OF  MACH  NUMBER 


M 

umeas » 
m/sec 

Ugas  * 
m/sec 
(a) 

Uncertainty 

Ugas , 

m/sec 

Difference , 
percent 

°U,meas • 

m/sec 

( Ou/u)meas* 
percent 

aU,corr , 
m/sec 
(b) 

(Ou/U)Corr* 

percent 

(b) 

0.1 

34.6 

33 

±3.2 

0 

0.26 

0.75 

0.26 

0.75 

.2 

65.6 

65 

±1.6 

0 

.52 

.79 

.52 

.79 

.2 

65.5 

65 

±1.6 

0 

.49 

.75 

.49 

.75 

.2 

65.8 

65 

±1.6 

0 

.51 

.78 

.51 

.78 

.3 

97.9 

97 

±1.1 

0 

.87 

.89 

.86 

.89 

.3 

97.8 

97 

±1.1 

0 

.88 

.90 

.88 

.90 

.4 

129 

129 

±.8 

0 

1.17 

.91 

1.16 

.91 

.5 

162 

161 

±.7 

0.2 

1.36 

.84 

1 .34 

.83 

.6 

194 

192 

±.6 

.7 

2.30 

1.19 

2.28 

1  .18 

.7 

225 

223 

±.6 

.6 

2.47 

1.10 

2.44 

1  .07 

.8 

254 

253 

±.6 

.2 

2.76 

1  .09 

2.72 

1  .07 

.8 

256 

253 

±.6 

.9 

2.90 

1.13 

2.86 

1.11 

.9 

284 

283 

±.6 

.1 

3.32 

1.17 

3.26 

1.14 

1  .0 

305 

312 

±.6 

-2.1 

3.15 

1  .03 

3.07 

1  .00 

M 

umeas • 
m/sec 

vmeas ' 
m/sec 

°V,meas' 

m/sec 

(ay/U)meas» 

percent 

(av/U)corr , 
percent 
(b) 

1 

CTa,corr * 
deg 
(b) 

0.1 

34.6 

-1  .31 

3.50 

10.09 

9.67 

-2.16 

5.52 

.2 

65.6 

-.84 

3.44 

5.24 

5.00 

-.74 

2.86 

.2 

65.5 

-1  .21 

3.69 

5.63 

5.41 

-1  .06 

3.10 

.2 

65.8 

-1  .98 

3.93 

5.97 

5.78 

-1  .72 

3.31 

.3 

97.9 

-1  .99 

3.29 

3.36 

3.20 

-1.16 

1 .83 

.3 

97.8 

-1  .90 

3.07 

3.14 

2.96 

-1.11 

1  .70 

.4 

129 

3.33 

2.58 

2.45 

-1  .01 

1 .41 

.5 

162 

3.00 

1  .85 

1 .75 

-1.17 

1  .00 

.6 

194 

-4.03 

2.99 

1  .54 

1  .46 

-1.19 

.83 

.7 

225 

-3.95 

3.78 

1  .68 

1 .62 

-1  .01 

.93 

.8 

254 

-6.44 

3.45 

1.36 

1  .30 

-1  .45 

.74 

.8 

256 

-3.67 

4.55 

1 .78 

1 .74 

-.82 

1  .00 

284 

-6.02 

3.64 

1.28 

1 .23 

-1  .21 

.71 

305 

-1 1 .91 

7.22 

2.37 

2.34 

-2.23 

1.34 

theoretical  gas  velocity,  calculated  from  free-stream  tunnel  conditions,  has 
been  adjusted  for  the  presence  of  the  model. 

bMeasured  standard  deviation  corrected  for  counter  quantizing  error. 


U— COMPONENT  VELOCITY  MEASURWEWrS  AND  COMPARISONS  WITH  THE  THEORETICALLY  PREDICTED  VELOCITY 


TABLE  V.-  KAOLIN  PARTICLE  SIZE  DISTRIBUTION  DETERMINED  BY  THE 
OPTICAL  PARTICLE  SIZE  ANALYZER,  THEORETICAL  LV  MEASUREMENT 
SENSITIVITY,  AND  DETECTABLE  PARTICLE  SIZE  DISTRIBUTION 


Particle 
diameter , 

M  m 

Fraction  of 
total 
particles, 
percent 

LV 

sensitivity 

factor 

Fraction  of 
detectable 
particles, 
percent 

0.25 

2.61 

0 

0 

.39 

17.15 

0 

0 

.68 

10.64 

.59 

5.79 

.95 

9.74 

1.13 

10.22 

1.20 

7.80 

1  .44 

10.44 

1  .44 

6.41 

1  .73 

10.32 

1  .66 

5.56 

1  .80 

9.31 

1  .89 

4.61 

1  .58 

6.78 

2.10 

4.16 

1  .70 

6.57 

2.32 

3.48 

1  .45 

4.70 

2.52 

3.16 

2.20 

6.46 

2.73 

2.81 

1  .21 

3.15 

2.93 

2.45 

1  .55 

3.54 

3.12 

2.15 

1 .83 

3.67 

3.32 

2.06 

0 

0 

3.51 

1  .77 

1 .25 

2.05 

3.70 

1  .59 

0 

0 

3.89 

■  .52 

1.28 

1  .81 

4.07 

1  .32 

0 

0 

4.26 

1.18 

1 .59 

1  .75 

4.44 

1.12 

1  .84 

1  .92 

4.62 

.91 

1  .39 

1.17 

4.80 

.87 

2.36 

1  .91 

4.97 

.71 

1  .69 

1.12 

5.15 

.70 

2.37 

1  .53 

5.32 

.58 

1  .93 

1  .05 

5.49 

.49 

1  .93 

.89 

5.67 

.45 

2.10 

.88 

5.84 

.41 

1.45 

.55 

6.01 

.34 

1  .83 

.57 

6.17 

.24 

2.10 

.47 

6.34 

.24 

1  .44 

.33 

6.51 

.22 

2.03 

.42 

6.67 

.20 

0 

0 

6.84 

.15 

1  .90 

.26 

7.00 

.12 

1  .77 

.21 

7.16 

.05 

2.37 

.11 

7.32 

.03 

2.17 

.05 

7.48 

0 

2.24 

0 

7.64 

0 

2.62 

0 

7.80 

0 

2.35 

0 

Equivalent  physical  size  assuming  spherical  particles 


TABLE  VI.-  KAOLIN  PARTICLE  SIZE  DISTRIBUTION  DETERMINED  BY  THE 
AERODYNAMIC  PARTICLE  SIZE  ANALYZER  (ADJUSTED  TO  MATCH 
PARTICLE  SIZE  DIVISIONS  IN  THE  OPTICAL  SIZE  ANALYZER), 
THEORETICAL  LV  MEASUREMENT  SENSITIVITY,  AND  DETECTABLE 
PARTICLE  SIZE  DISTRIBUTION 


-  *  a  ■ 


Particle 

a 

diameter, 

pm 

Fraction  of 
total 

particles, 

percent 

LV 

sensitivity 

factor 

Fraction  of 
detectable 
particles, 
percent 

0.25 

4.29 

0 

0 

.39 

48.05 

0 

0 

.68 

24.48 

.59 

30.97 

.95 

9.69 

1  .13 

23.60 

1.20 

4.73 

1 .44 

14.72 

1  .44 

2.63 

1.73 

9.85 

1  .66 

1  .67 

1 .80 

6.50 

1  .89 

1.12 

1  .58 

3.82 

2.10 

.80 

1 .70 

2.94 

2.32 

.57 

1 .45 

1  .78 

2.52 

.45 

2.20 

2.12 

2.73 

.33 

1  .21 

.85 

2.93 

.27 

1  .55 

.90 

3.12 

.22 

1  .83 

.87 

3.32 

.16 

0 

0 

3.51 

.15 

1  .25 

.40 

3.70 

.13 

0 

0 

3.89 

.09 

1.28 

.23 

4.07 

.07 

0 

0 

4.26 

.06 

1  .59 

.21 

4.44 

.06 

1  .84 

.23 

Equivalent  physical  size  assuming  spherical  particles 


TABLE  VII.-  KAOLIN  PARTICLE  SIZE  DISTRIBUTION  DETERMINED  BY  THE 
AERODYNAMIC  PARTICLE  SIZE  ANALYZER,  ESTIMATH)  DETECTABLE 
PARTICLE  SIZE  DISTRIBUTION,  AND  LV  ESTIMATED 
MEASUREMENT  SENSITIVITY  FUNCTION 


Particle 

a 

diameter, 

pm 

Fraction  of 
total 

particles , 
percent 

Estimated 

LV 

sensitivity 

factor*5 

Estimated 
fraction  of 
detectable 
particles,0 
percent 

0.25 

4.29 

0.01 

0.49 

.39 

48.05 

0 

.49 

.68 

24.48 

.01 

1 .85 

.95 

9.69 

.04 

3.95 

1.20 

4.73 

.09 

4.07 

1  .44 

2.63 

.35 

9.26 

1  .66 

1  .67 

.61 

10.25 

1  .89 

1.12 

1 .02 

1 1  .48 

2.10 

.80 

1.47 

11.73 

2.32 

.57 

2.22 

12.59 

2.52 

.45 

2.38 

10.62 

2.73 

.33 

1 .62 

5.31 

2.93 

.27 

2.12 

5.68 

3.12 

.22 

1  .00 

2.22 

3.32 

.16 

2.40 

3.83 

3.51 

.15 

1  .00 

1  .48 

3.70 

.13 

1  .56 

2.10 

3.89 

.09 

1  .16 

.99 

4.07 

.07 

.90 

.62 

4.26 

.06 

.82 

.49 

4.44 

.06 

.22 

.12 

aEquivalent  physical  size  assuming  spherical  particles. 
Particle  size  divisions  adjusted  to  match  those  of  optical  analyzer 
^Obtained  by  dividing  estimated  detectable  particle  size 
distribution  by  particle  size  distribution. 

cEstimated  from  velocity  histograms  at  x/D  =  -0.5  and 
-0.4  at  Mach  1.0. 


TABLE  VIII.-  MEASURED  STANDARD  DEVIATIONS  AND  TURBULENCE  INTENSITIES  FOR  U-COMPONENT 
AND  A  COMPARISON  OF  THE  RESULTS  AT  MACH  1 .0  WITH  THE  THEORETICAL  VALUES 
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STATISTICAL  UNCERTAINTY  IN  THE  MEASURED  MEAN  U-COMPONENT 
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ARGON  ION  LASER 
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□irferanc*  (parcant)  Velocity  (m/mmc) 


Turbulence  lntenelty  (percent)  _  Velocity  (m/eec) 


Difference  (percent) 


> 


(b)  Difference  between  measured  and  predicted  velocities. 


Difference  = 


(U  -  U  J/U 
meas  part  part 


Figure  13.-  Measured  mean  U-component  along  stagnating  streamline  of  hemisphere 
cylinder  model  at  Mach  1.0  and  comparison  with  theoretical  particle  velocity 


Figure  14.-  Measured  mean  u-component  along  y/D  =  -0.533  at  Mach  1.0 


lydispe 


article  size  tmlcr ometeraj 

(a)  Particle  size  distribution. 


Particle  alza  tnicr omatara) 

(b)  Estimated  LV  sensitivity  factors. 


Particle  alza  (ml cr omatara; 


Estimated  detectable  particle  distribution. 


Figure  18.-  Kaolin  particle  size  distribution  determined  from 
aerodynamic  particle  size  analyzer  (see  fig.  17(a)),  estimated 
LV  measurement  sensitivity,  and  detectable  particle  size 
distribution  determined  by  a  deconvolution  of  the  measured 
velocity  histogram  at  x/D  =  -0.4  and  -0.5  and  the  predicted 
particle  velocities. 
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16  Abstract 

>  An  investigation  Langley  16- Foot  Transonic  Tunnel  has  been  conducted  in  which 

a  laser  velocimeter  was  used  to  measure  free-stream  velocities  from  Mach  0.1  to  1.0 
and  the  flow  velocities  along  the  stagnating  streamline  of  a  hemisphere-cylinder 
model  at  Mach  0.8  and  1.0.  The  flow  velocity  was  also  measured  at  Mach  1.0  along 
the  line  0.533  model  diameters  below  the  model.  These  tests  determined  the  per¬ 
formance  characteristics  of  the  dedicated  two-component  laser  velocimeter  at  flow 
velocities  up  to  Mach  1.0  and  the  effects  of  the  wind  tunnel  environment  on  the 
particle-generating  system  and  on  the  resulting  size  of  the  generated  particles.  To 
determine  these  characteristics,  the  measured  particle  velocities  along  the  stagnat¬ 
ing  streamline  at  the  two  Mach  numbers  were  compared  with  the  theoretically  pre¬ 
dicted  gas  and  particle  velocities  calculated  using  a  transonic  potential  flow 
method.  Through  this  comparison  the  mean  detectable  particle  size  (2.1  pm)  along 
with  the  standard  deviation  of  the  detectable  particles  (0.76  vm)  was  determined; 
thus  the  performance  characteristics  of  the  laser  velocimeter  were  established.  I 
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